Introduction
Protective group practice represents an imperative strategy in multistep organic synthesis.
1 Easy protection and deprotection methods are fundamental to enable the construction of chemical bonds and in the presence of pre-existing bonds.
2 Hence, mild removal methods as well as nding new procedures for deprotection are highly desirable.
The amine group is probably one of the most common functional groups found in biologically important molecules and the 9-uorenylmethoxycarbonyl (Fmoc) group represents one of the most widely used protecting groups in the masking of amino functionality, nding particular utility in solution-and solid-phase peptide synthesis and chemistry.
3
The classical means of Fmoc deprotection employ a large excess of a secondary amine, such as piperidine in DMF. 4 However, piperidine is a controlled substance with usage in the synthesis of narcotic drugs and psychotropic substances, and leads to large amounts of toxic waste (20-50% solutions are required) .
5 Similarly, 1,8-diazabicyclo[5.4 .0]undec-7-ene in DMF has found extensive usage for deprotection of difficult sequences 6 but being a strong base (pK a 13.5) it promotes side reactions such as aspartimide formation.
7 Furthermore, both agents are unfortunately not very suitable in the alternative liquid phase synthesis, nor the use of the conventional solvent DMF due to its low volatility.
Various bases with higher pK a values than piperidine can remove the Fmoc group with high efficacy though some of these bases induce side reactions and require enormous quantities of solvent. Consequently, there is an ongoing effort to search for reagents and solvents that are easily removable during mandatory intermediates isolation. [8] [9] [10] With the increase in environmental concerns and governmental legislation, in order to meet the principles of green chemistry, the development of environmentally benign organic reactions has become a crucial and demanding research area in the modern chemical sciences.
11 Thus, the development of an environmentally benign, efficient and simple methodology for a fundamental organic transformation is in great demand.
In this context, synthetic manipulations should be made to reduce the use of harmful compounds and volatile organic solvents in reactions, and their subsequent work-up.
Ionic liquids have attracted extensive research interest in recent years as an eco-friendly alternative to replace conventional organic solvents owing to their unique properties, such as non-inammability, low volatility, negligible vapour pressure, reusability and high thermal stability. To date, many roomtemperature ionic liquids (RTILs) have been used as solvents for several organic transformations.
12
Among RTILs, ionic liquids containing imidazolium cations are typical since they are easily synthesized and as a powerful reaction media or catalyst show good performance in many reactions.
13
Our recent interest has been in the development of new synthetic methods using ionic liquids as reaction media for the introduction and removal of different protecting groups.
14
In this manuscript, we envisaged that the combination of a cheap, nontoxic and readily available amine such as triethylamine and an imidazolium-based IL could be appropriately adapted to full the above requirements for the removal of the Fmoc protecting group.
Herein, we demonstrate a very simple method of cleavage by employing triethylamine in [Bmim] [BF 4 ] as recyclable reaction media, which will be a valuable addition to the existing Fmoc removal methods.
Results and discussion
In our initial experiments, we choose N-Fmoc aniline as a model substrate and the results for development and optimization of the deprotection studies are displayed in Table 1 .
On treatment of the N-Fmoc aniline (1 mmol) with 1 mL of [Bmim] [BF 4 ] ionic liquid at room temperature, the deprotection did not take place (Table 1 , entry 1). However, on adding 3 mmol of triethylamine, deprotection was smoothly accomplished aer only 5 min in 90% yield (Table 1 , entry 2). TLC analysis and ninhydrin assay conrmed the cleavage of the NFmoc group. Usage of less Et 3 N slowed down the reaction rate (5 h) and yield (Table 1 , entry 3).
Changing the IL for a conventional solvent such as dichloromethane results in incomplete conversion aer 6 h. The low yield (entries 4, Table 1 ) of the reaction conducted in DCM as the conventional solvent provides conrmation of the literature data, 15 which reports that the cleavage of the Fmoc group by triethylamine in traditional organic solvents occurs very slowly (aer 1080 min of reaction). This indicates that the reaction is probably strongly affected by the ionic liquid, which assists the process during the abstraction of the uorenyl proton, enhancing the amine basicity. 16 In addition, the ionic liquid has a stabilizing effect on the charged intermediates during the Fmoc removal.
Next, we tested other imidazolium based ionic liquids with basic properties for this transformation to avoid the use of Et 3 N in the reaction system. Employing 1-methyl-3-butyl imidazolium chloride ([Bmim] [Cl]) or 1-methyl-3-butyl imidazolium hydroxide ([Bmim] [OH]) as the solvent, catalyst and base in the deprotection reaction, the yields were low and the reaction times long (Table 1 , entries 5 and 6). Furthermore, the use of these basic ILs required severe conditions of high temperature.
We found that the best results in terms of reaction rate (5 min) and product yield were the use 3 mmol Et 3 N in [Bmim] [BF 4 ] at room temperature (entry 2, Table 1) .
It is well known that during the deprotection of the Fmoc group, dibenzofulvene (DBF) is a by-product that needs to be efficiently removed. Particularly in peptide synthesis, a dibenzofulvene amine adduct can be responsible for side reactions.
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To prevent the formation of this undesired by-product, aer the extraction of the free aniline from [Bmim] [BF 4 ] with diethyl ether, we added an aqueous 1 N HCl solution to protonate the amine. The undesired DBF was thus removed by diethyl ether extraction and the protonated aniline remained in the aqueous solution. The collected aqueous solution was then basied to neutral to give the native amine, which was nally recovered in ethereal solution.
Encouraged by the optimized solvent-free ionic liquidcatalyzed method for the deprotection of Fmoc-aniline, we applied the strategy to various Fmoc-protected aliphatic linear and cyclic amines ( Table 2 ). The reactions carried out in [Bmim] [BF 4 ] at room temperature afforded the corresponding free amines in excellent yields and with short reaction times (4-8 min).
We observed that N-Fmoc-protected p-toluidine or derivatives of benzylamine easily undergo deprotection under the selected reaction conditions to afford the desired amines in excellent yields ( Table 2) .
The method is also applicable for deprotection of N-Fmocprotected aliphatic amines: the cleavage of N-Fmoc cyclopentylamine and 2-phenylethylamine (Table 2, entries 6 and 7) proceeded efficiently in high yields. The removal of the Fmoc group from secondary cyclic amines took a shorter reaction time and gave almost quantitative yields (Table 2, entries [8] [9] . It is evident that the resonance and inductive effects of the substituent groups on the tested amines have no inuence on the Fmoc removal.
Considering the importance of the N-Fmoc protection strategy in peptide synthesis, we next examined the feasibility of N-Fmoc deprotection of amino acids. Therefore, the developed method was used in a series of lipophilic Fmoc-protected amino acid methyl esters (1j-1n, Table 3) .
In order to demonstrate the successful removal of the Fmoc group in IL, compounds 1j-1n were characterized by GC/MS aer their conversion into the corresponding N-acetyl derivatives by treatment with acetic anhydride under Schotten-Baumann conditions. Racemization at the a-carbon of the amino acid derivatives was not observed in any cases.
The stereochemical integrity was studied by chiral GC analysis. To this end, compound 2j (Table 3) obtained by ILmediated Fmoc deprotection was acetylated to get Ac-L-AlaOMe and compared with the methyl ester of DL-alanine opportunely acetylated. In Fig. 1 (panel a) two peaks were observed, which clearly show different retention times for the two enantiomers, Ac-D-Ala-OMe and Ac-L-AlaOMe. Instead, the chiral GC analysis of acetylated Ac-L-Ala-OMe revealed the presence of only one peak, thus strongly supporting the chiral integrity The applicability of this method was then tested for a set of N-Fmoc-amino acids containing functionalized side chains with acid-labile protecting groups (e.g., t-Bu, Boc, benzyl) to make the adopted procedure useful for peptide synthesis.
In particular, we selected the masking groups commonly used during peptide synthesis that are orthogonal to the Fmoc group (see Table 3 , entries [8] [9] [10] [11] [12] . In addition, in this case, the Fmoc-amino acids we checked gave high yields of the corresponding derivatives unmasked on the a-amino function (Table  3 , entries [8] [9] [10] [11] [12] ) and the acid-labile protective groups of all the products obtained remained intact at the end of the process.
To avoid undesired removal of the acid-sensitive side chain protecting groups, the work-up of the ethereal extract from IL was performed with a 5% solution of citric acid.
The times required for the cleavage were short and no chromatographic purication was necessary.
The methodology is also successful when applied to N-Fmoc amino acid benzyl and tert-butyl esters (Table 3, entries 8-10 ).
Finally, we tested our procedure for the N-deprotection of NFmoc-N-alkyl amino acid derivatives.
N-Methyl-a-amino acids are very important building blocks in the synthesis of peptidomimetics, covering an important role in medicinal chemistry.
17 Many efforts have been directed at optimizing strategies for their synthesis and use in peptide chemistry.
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We were delighted to observe that the N-amino group was easily deprotected when two different N-Fmoc-N-alkylatedamino acid methyl esters (1o and 1p, Table 3 ) were treated with triethylamine in [Bmim] [BF 4 ] ionic liquid at room temperature. As already described above, a conventional acidbase work-up was employed for these analogues to remove the side product (i.e., DBF) formed during the process. The Ndeprotected-N-alkylated products were obtained in good yields (entries 6 and 7, Table 3 ). The chemical yields of 2o (entry 6 in Table 3) were not so high (75%) compared to the other products. The possible explanation for this low yield compared to the other products lies in the steric bulk of N-alkyl amino acids, which reduces the reaction rate and leads to undesirable byproducts. ] (1 mL) for 5-8 min at 25 C. The free amino acid was obtained aer a simple extraction procedure with diethyl ether from the ionic liquid and an appropriate work-up to remove the resultant dibenzofulvene. The free amino acids were characterized by GC/MS analysis aer acetylation.
b Isolated yields aer work-up.
The Fmoc protecting group is widely used in solid phase peptide synthesis and its removal is generally accomplished by treatment with piperidine (20-50%) in DMF.
4 Although highly successful and readily automated, solid-phase synthesis suffers a series of problems due to the heterogeneous reaction conditions, such as the huge amount of solvent required during preparation or purication steps. Thus, alternative, more environmentally friendly liquid phase methodologies are particularly desirable to restore homogeneous reaction conditions and the ionic liquids could be particularly suitable for amino acid and peptide synthesis or transformations since the polarity of ionic solvents is ideal for such species.
In this context, our research report proposes the use of ionic liquids as alternative green solvents in peptide synthesis according to the Fmoc-strategy in homogeneous conditions.
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Important advantages of our method are the absence of organic solvents, easy work-up, and the possibility to recycle the ionic liquid. Additionally, the solid support bearing the growing peptide chain would turn out to be inseparable from the ionic liquid phase. Thus, the proposed method should be considered as an alternative to the solid-phase synthesis of peptides.
Indeed, in other ways, almost simultaneously with the demonstration that ionic liquids were particularly convenient solvents for peptide coupling, 20 a number of recent reports propose new insights into supported peptide synthesis where strategies in which peptide elongation could be performed on immobilized species using ionic liquid moieties as the soluble support are proposed. In that case, the IL-supported species can be dissolved in a solvent, and the reaction can be conducted in a homogeneous solution as an alternative to the solid-phase peptide synthesis.
21
In view of green chemistry, one of the important features of the reactions conducted in ionic medium is the possibility of reuse the catalytic system for the subsequent runs with only a gradual decrease in activity and with no production of waste.
11
We investigated the recycling capability of [Bmim] [BF 4 ] in the deprotection of the Fmoc group. Aer extraction with Et 2 O to separate the products from the reaction mixture, the residual ionic liquid was directly reused for the next deprotection. The results are displayed in Table 2 and show a slight decrease in the yield aer the third recycling, indicating no signicant loss of efficiency of the ionic liquid. The results of the presented protocol show that Et 3 N/[Bmim] [BF 4 ] is an efficient reagent system to remove the Fmoc group.
Conclusions
The use of greener and more efficient methodologies for organic transformations is fundamental for the development of more sustainable processes.
We have reported a simple and convenient protocol based on the use of [Bmim] [BF 4 ] and the easily accessible triethylamine for the deprotection of Fmoc amines and amino acid methyl esters.
Important advantages of this method are: absence of organic solvents, use of a weak, inexpensive and readily available base such as Et 3 N, short reaction times, high yields, easy work-up, and nally the possibility to recycle the ionic liquid.
The procedure is also advantageous in that it avoids any hazardous chemicals. The protocol is an improvement over the existing methodologies for the removal of the Fmoc protecting group in solution phase.
Experimental section

General
Commercially available reagents were purchased from SigmaAldrich Chemical Co. (Milano, Italy) and used as supplied unless stated otherwise. All syntheses were carried out in atmospheric conditions. 1 H NMR spectra were recorded at 300
MHz, while 13 C NMR spectra were measured at 75 MHz. Spectral analysis was performed at 293 K on diluted solutions of each compound by using CDCl 3 as the solvent. Chemical shis (d) are reported in ppm and referenced to CDCl 3 (7.25 ppm for 1 H and 77.0 ppm for 13 C spectra). Coupling constants (J) are reported in hertz (Hz). Reaction mixtures were monitored by thin layer chromatography (TLC) using Merck Silica gel 60-F 254 precoated glass plates, and UV light (254 nm) or 0.2% ninhydrin in ethanol and charring reagent as the visualizing agent. Evaporation of solvents was performed at reduced pressure using a rotary vacuum evaporator. Chiral GC analyses were carried out using a Thermo Gas Chromatograph instrument. Chiral GC analyses of enantiomeric compounds Ac-DL-AlaOMe and Ac-L-AlaOMe were performed using a 25 m Â 0.25 mm, diethyl tert-butyldimethylisilyl-b-cyclodextrin chiral capillary column. The GC-MS Shimadzu workstation constituted a GC 2010 (equipped with a 30 m-QUADREX 007-5MS capillary column, operating in "split" mode, 1 mL min À1 ow of He as carrier gas) and a 2010 quadrupole mass-detector. LC-MS analyses were carried out using an Agilent 6540 UHD Accurate-Mass Q-TOF LC-MS (Agilent, Santa Clara, CA) tted with an electrospray ionisation source (Dual AJS ESI) operating in positive ion mode. Chromatographic separation was achieved using a C18 RP analytical column (Poroshell 120, SB-C18, 50 Â 2.1 mm, 2.7 mm) at 30 C with an elution gradient from 5% to 95% of B over 13 min, A being H 2 O (0.1% FA) and B CH 3 CN (0.1% FA). The ow rate was 0.4 mL min
À1
. N-Fmoc amines 1a-i and N-Fmoc a-amino acid methyl esters 1j-u were prepared according to a previously published protocol.
14b Spectral data of 1a-p agreed with those already reported for the same compounds prepared previously.
14b N-(9-Fluorenylmethoxycarbonyl)glycine t-butyl ester (1q). 8, 8, 156.1, 145.9, 141.9, 128.9, 127.5, 124.8, 120.2, 81.4, 52.7, 42.4, 31.7, 28.3 1, 8, 158.6, 144.2, 141.6, 137.0, 136.0, 135.9, 129.4, 128.6, 128.5, 128.4, 127.6, 126.9, 124.7, 120.0 6, 155.5, 154.2, 144.5, 143.9, 134.6, 129.1, 127.7, 127.0, 124.3, 120.3, 119.7, 82.6, 81.1, 66.9, 55.2, 47.3, 37.9, 28.8, 27.9. HRMS (ESI) 1H, g-CH), 2.06 (m, 1H, g-CH), 1.37 (s, 9H, C(CH 3 ) 3 ) 4, 170.9, 154.9, 142.7, 140.3, 126.6, 126.0, 124.0, 118.9, 79.8, 66.0, 52.4, 51.4, 46.1, 30.4, 27.0, 26 9, 156.1, 155.9, 143.7, 141.3, 127.6, 127.0, 125.1, 119.9, 80.0, 66.9, 53.7, 52.4, 47.1, 40.2, 32.1, 29.6, 28.4, 22.3 To a magnetically stirred mixture of N-Fmoc-protected amines 1a-i (1 mmol) and [Bmim] [BF 4 ] (1 mL), Et 3 N (3 mmol) was added and the mixture was stirred at ambient temperature for 4-12 min. TLC was used to monitor the reaction. Diethyl ether was added aer the completion of reaction and the IL settled at the bottom. The supernatant was decanted off and the IL was washed with Et 2 O (3 Â 2 mL). The combined Et 2 O extracts were acidied with an aqueous solution of 1 N HCl and separated. The aqueous phase was then basied with sat. aq NaHCO 3 and nally extracted with diethyl ether. The organic phase was dried over Na 2 SO 4 and ltered. The products were isolated aer evaporation of the diethyl ether to yield the free amines 2a-i in 80-93% yields. Spectroscopic data were compared to those of the pure products (see ESI †).
General procedure for the N-Fmoc removal of amino acid methyl esters 1j-q in [Bmim][BF 4 ]
To a magnetically stirred mixture of N-Fmoc amino acid methyl esters 1j-p (1 mmol) and [Bmim] [BF 4 ] (1 mL), Et 3 N (3 mmol) was added and the mixture was stirred at ambient temperature for 12 min. TLC was used to monitor the reaction. Diethyl ether was added aer the completion of the reaction and the IL settled at the bottom. The supernatant was decanted off and the IL was washed with Et 2 O (3 Â 2 mL). The combined Et 2 O extracts were acidied with an aqueous solution of 1 N HCl and separated. The aqueous phase was then basied with sat. aq NaHCO 3 and nally extracted with diethyl ether. The organic phase was dried over Na 2 SO 4 and ltered. The products were isolated aer evaporation of the diethyl ether to yield the free amino acid methyl ester 2j-p in 75-88% yields. Compounds 2j-p were acetylated in order to perform GC/MS analysis. N-Acetylation was achieved dissolving 2j-p in DCM (5 mL) and adding acetic anhydride (1 mL) and a 9% aqueous solution of NaHCO 3 (5 mL). The mixture was maintained under magnetic stirring at room temperature for 4 h. The organic layer was separated and the aqueous phase was extracted with three additional portions of DCM (3 Â 10 mL). The combined organic layers were washed with a 9% aqueous solution of NaHCO 3 , twice with aqueous HCl 1 N, and once with brine, and then nally dried (Na 2 SO 4 ). The solvent was evaporated under reduced pressure to afford the corresponding N-acetyl derivatives 3j-p as colourless oils in quantitative yield. Spectroscopic data for 3j-n were comparable to those reported in the literature. 170.86, 169.58, 66.21, 60.32, 51.01, 31.27, 26.73, 21.06, 19.00, 18 .82 ppm. GC/MS (CI): m/z (%) 228 (51) 7, 169.9, 135.8, 135.2, 129.4, 128.8, 128.7, 128.6, 127.2, 67.4, 53.3, 37.9, 23 9, 169.3, 146.4, 131.1, 129.9, 124.0, 90.8, 82.4, 53.6, 37.5, 28.8, 27.9, 23 1, 169.1, 155.2, 78.1, 51.3, 51.1, 38.9, 30.8, 28.6, 27.4, 21.9, 21.4 
